Semi-Empirical Tight Binding (TB) is known to be a scalable and accurate atomistic representation for electron transport for realistically extended nano-scaled semiconductor devices that might contain millions of atoms. In this paper an environmentaware and transferable TB model suitable for electronic structure and transport simulations in technologically relevant metals, metallic alloys, metal nanostructures and metallic interface systems is described. Part I of this paper describes the development and validation of the new TB model.
I. INTRODUCTION
The degradation of metallic conductance due to quantum confinement, interface and surface roughness scattering and grain-boundary scattering is a well-known technological problem of current relevance. The importance of this problem can be evidenced from the fact that successive editions of the International Technology Roadmap for Semiconductors 1 have marked the problem as one with no known or foreseen mitigative solutions.
Semiclassical models of conductance degradation in metals are largely based on the seminal work of Fuchs and Sondheimer (F-S) on surface scattering 2, 3 , and Mayadas and Shatzkes (M-S) on grain boundary scattering 4 . A feature common to early and recent variants of these models is the use of the Boltzmann transport equation and averaged empirical parameters such as specularity, average reflectivity, and average grain size. These parameters are fit a posteriori to experimental conductivity data to relate bulk (ideal) and degraded transport parameters such as conductance and conductivity. Sambles 5 and Josell et al. 6 provide a detailed description of such semiclassical variants.
The most serious drawback in such a posteriori models is the lack of predictive capability from a materials design perspective. Atomistic information such as strain, interface bonding, alloying and surface roughness are expected to affect conductance significantly. It is not possible to predict how these atomistic effects affect conductance unless experimental data is available to fit empirical models that use averaged parameters or Boltzmann transport. It is especially disconcerting that conflicting insights may result from the use of model variants on similar experimental data. For instance, Steinhögl et al. 78 report a semiclassical variant of F-S and M-S that shows grain-boundary scattering dominating for wire thickness in the sub-50 nm regime. This conclusion conflicts with the semiclassical model of Graham et al. 9 , who report a conductivity degradation that is dominated by surface and line-edge roughness scattering in the sub-50 nm regime with excellent fits to experimental data.
Atomistic quantum mechanical modeling of electronic transport can provide accurate, unambiguous insight into the dependence of metallic conductance on a variety of controlling factors -strain, alloying, dimensionality, interface bonding and grain boundaries. Recent ab initio DFT based studies have provided important insights into electronic transport in metallic systems [10] [11] [12] [13] [14] . Metallic systems such as polycrystalline interconnects, however, contain grains having several thousand to a few million atoms. In general DFT methods that deliver the needed accuracy for electronic structure details and carrier transport near equilibrium are limited to a maximum system size of upto thousands of atoms.
Semi-Empirical Tight Binding (TB), when properly parameterized, is known to be a scalable and accurate atomistic representation for electron transport for realistically extended nano-scaled semiconductor devices that might contain millions of atoms. TB electronic structure calculations in multi-million atom semiconductor systems such as quantum dots 15, 16 , single-impurity devices 17 , disordered SiGe quantum wells 18 have been successfully used to quantitatively explain and predict experimental results.
In the domain of semiconductor-based nanoelectronic transport research the TB basis sets have established themselves in conjunction with the NEGF (Non-Equlibrium Green's Function) formalism as the accepted state-of-the-art for quantitative device design 19, 20 .
Crucial to the success of TB in enabling realistically extended electronic structure and carrier transport simulations are the following salient features.
Nearest Neighbor (NN) or second Nearest Neighbor (2NN) couplings -this enables system
representation with a Hamiltonian matrix having significant sparsity and significantly reduces computational demands.
2. Parameterized Hamiltonian -This obviates the need to compute multi-center integrals in evaluating Hamiltonian matrix elements.
3. Orthogonality of the basis -This enables a sparse system matrix representation and simplified numerical approaches. It also avoids computation and inversion of a non-unity overlap matrix and significantly improves computational efficiency in electronic transport problems.
4. Transferability within classes of material systems such as InGaAlAs or SiGe.
5. Atomistic representation of strain and realistic distortion.
6. Locality of the basis to represent finite nano-structures with finite contact regions.
The situation for TB models of metals, however, is quite different. Existing TB models of metals in the literature have several important shortcomings that prevent them from being applied to predictive, scalable electronic structure and transport calculations on realistic Importantly, most TB parameterizations of metals and non-metals (with one notable exception 27 ) use ad hoc models for the variation of TB on-site elements with changes in the environment. This arbitrariness leads to a lack of physical transparency in TB models and increases the number of independent parameters that need to be used.
In this paper, a new environment-aware TB model suitable for scalable electronic transport in FCC metals is reported. The model includes intra-atomic diagonal and off-diagonal elements for improved transferability and implicit self-consistency. Though the model is applied in this series of papers to FCC metals Cu, Au, Ag and Al, the model is general enough for application to semiconductors and metals with other ground state crystal structures.
The rest of this paper is organized as follows. First, the formalism of the present model is presented, followed by details of the fitting procedure used to obtain TB parameters. The model is then validated by comparing it to DFT calculations of several metallic systems.
Owing to the large number of results generated for various metals, only representative results are included in the main body of the paper. The remaining results and the optimized TB parameters are included in the appendix. Finally, key features of the model are summarized.
Applications of the new model to relevant problems of interest are deferred to part II of this series of papers.
II. MODEL
In the interest of brevity, it is assumed that the reader is familiar with the Slater-Koster two-center TB formalism 30 . For an excellent review of TB and the variety of TB models that exist in the literature, the interested reader is referred to the review by Goringe et al.
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A. Intra-atomic diagonal and off-diagonal elements in the new model
In the usual Slater Koster (SK) two-center TB formalism 30 , a change in atom environment due to strain, alloying, interfaces or a change in coordination changes only the off-diagonal inter-atomic block of the Hamiltonian. Since the on-site block is usually diagonal and contains only on-site energies, changes to atom potential due to a change in environment are then included by adding correction terms 24, 25, 31, 32 to the diagonal block and/or iterating to self-consistency.
In our new TB model, intra-atomic, diagonal and off-diagonal elements are included in the on-site block of the TB Hamiltonian in addition to on-site energies. The intra- It is important to realize that because a significant contribution to the intra-atomic integrals comes from the region nearest to the common nucleus, the I ll m will not necessarily follow the expected signs of the corresponding V ll m . Also, because the two atoms in I ll m have a common center, there is no sign change under the exchange l ↔ l .
As a specific example of an intra-atomic Hamiltonian matrix element in terms of the intraatomic integrals, the s − p z term for orbitals centered on atomic site i having N neighbors within its bonding radius at locations indexed by j is
where R ij is the distance between atom i and neighbor j that belongs to the set of N neighbors bonded to i and n ij is the corresponding z-direction cosine.
Including intra-atomic diagonal and off-diagonal elements has desirable advantages from a physical perspective. It ensures that any change in the neighboring environment of an atom implicitly enters the on-site block of the TB Hamiltonian. Making the intra-atomic elements dependent on neighbor type and distance ensures that strain and disorder in metallic systems
is not treated as a correction but is an integral part of the TB Hamiltonian.
Additionally, effects such as crystal field splitting of on-site energies are also implicitly treated due to the inclusion of intra-atomic elements. By carefully parameterizing across a variety of neighbor environments, the present TB model ensures improved transferability and environment-awareness without explicitly iterating for self-consistency.
From an implementation perspective, the intra-atomic block can be constructed similar to the off-diagonal inter-atomic block with the caveat that sign of the integrals does not change under interchange l ↔ l as mentioned above.
B. Variation of TB parameters with strain

Two-Center Inter-atomic Integrals
Most empirical TB models in the literature use a generalized version of Harrison's rule 31, 34, 35 for two-center, off-diagonal, inter-atomic integrals to describe their variation with interatomic distance.
where V
ll m represents the unstrained two-center elements, R is the strained bond length between atoms and the superscript (0) is used to indicate unstrained values. η is the decay exponent, where η = 2 represents the original proposal of Harrison. η has also been used as an explicit fitting parameter in previous TB investigations 32 .
Using such a functional form has been justified using physical arguments in the Linear Muffin Tin Orbital (LMTO)-TB theory of Andersen and Jepsen 36 . A similar approach is adopted in our model. The functional form used in our model is analogous to the generalized version of Harrison's law indicated above. To facilitate comparison, the functional form chosen here follows from existing TB models for metals in the literature [23] [24] [25] [26] .
where q is the decay exponent.
On-Site terms
Existing empirical TB models of metals and non-metals (with few notable exceptions 27 )
incorporate a wide variety of ad hoc functional forms to describe the variation of on-site energies with interatomic distance 31 . A polynomial in the interatomic distance R is usually The general trend seen in these models is to use a large number of monomials in the polynomial in the hope that the variation of on-sites is captured accurately. While such a situation is tractable for elementary solids, it quickly becomes unmanageable in multi-atomic systems such as binary and ternary alloys or hetero-metal interfaces. The use of an arbitrary number parameters without a physical justification is undesirable. It results in a model that lacks physical transparency and makes the fitting process aribtrary and cumbersome.
The present model approaches this issue from a completely different perspective than has been used heretofore in the literature. Before describing the present model for the variation of on-site elements, it is essential to review the Moments Theorem of Cyrot-Lackmann 28,29 .
The Moments Theorem links the Local Density Of States (LDOS) at a given atomic site to its neighboring environment. The theorem proves that closed electron paths of length n hops beginning and ending at an atomic site i correspond to the nth energy moment of the LDOS at i. Each electron hop corresponds to a distinct TB Hamiltonian matrix element.
In the traditional application of this theorem, it is first assumed that Hamiltonian matrix elements are known. Closed electron paths of length n hops are then computed using the TB Hamiltonian and the moments of the LDOS are written down in this theorem as follows.
where µ i (n) represents the nth energy moment of the LDOS at i and φ i is a linear combination of basis functions at site i. Thus, by simply knowing the TB Hamiltonian matrix elements, information about the LDOS in the form of its moments is obtained. The LDOS is then reconstructed from its moments without explicitly solving the Schrödinger equation.
The Moments Theorem has found wide application in the study of electronic structure in inherently non-periodic systems such as vacancies, impurities, and interfaces 28 .
In the present TB model, the Moments Theorem is used in reverse to obtain a trend in the variation of on-site energies with strain. First, the theorem for individual angular momenta is written following equation 4 as follows
where l is the angular momentum and φ il represent s, p or d orbitals at site i. The quantity µ il (n) now represents the nth moment of the Momentum Resolved LDOS (MRLDOS) at atom i.
From the Moments Theorem, the 1st Moment of MRLDOS corresponds to closed electron paths of length 1 hop that begin and end at the same orbital φ il . This is written as follows
It is evident that the right hand side of equation 6 represents TB on-site elements. In the usual application of this theorem, once TB on-site elements are known, the first moments can be obtained directly from them. If the situation is reversed, as in the present situation, where the moments can be obtained from MRLDOS data given by DFT, the same equation
can now be used to obtain unknown TB on-site energies. The moments of the MRLDOS at atomic site i can be obtained as follows,
where g il (E) is the MRLDOS at site i obtained from DFT. Once this information is available equation 6 readily gives on-site elements.
To compute the variation of on-site elements with strain, the first moments are computed from DFT MRLDOS for a variety of interatomic distances. Solid lines in figure 1 show first moments data for s, p and d LDOS computed for bulk FCC Cu using the QuantumWise Atomistix Tool Kit (ATK) DFT package 37-39 for several bulk lattice parameters. The functional of Perdew, Burke and Ernzerhof (PBE) 40 in the Generalized Gradient Approximation (GGA) was used for exchange and correlation in DFT. Although GGA/PBE has been used in this paper, the method presented is sufficiently general that any functional suitable for the problem at hand may be used. Once this data is generated, an expression for the variation of on-site elements with interatomic distances can then be fit to the first moments data rather than assuming an ad hoc expression a priori. A number of functional forms can be fit to this data, but a simple exponential functional form shown below was adopted for the materials considered in this paper. This form is shown below.
Where is a constant and p is a decay exponent corresponsing to angular momentum l.
If intra-atomic terms are included in the Hamiltonian, equation 8 takes the form of a diagonal (i.e., on-site, same-orbital) matrix element including the effects of strain. This form suggests the following Ansatz for the strain-dependence of the intra-atomic integrals,
where the superscript (0) denotes unstrained bond length. The Ansatz suggested above was found to be suitable for the elements considered in this paper and gives accurate fits for a wide variety of environments as shall be described in detail later in the paper. The procedure outlined above can be repeated for each individual element in the system to obtain a model for the environment-dependence of the intra-atomic elements.
The deep insight that the Moments theorem gives is that it shows how to determine the environment dependence of the intra-atomic terms through information already obtained ab initio. Here the environment-variation of the intra-atomic terms is firmly rooted in physics:
It follows directly from the behavior of their ab initio counterparts. The intra-atomic elements I and their corresponding decay exponents p are the only additional parameters required in writing the TB Hamiltonian.
The new TB method described above thus represents an important change in the traditional empirical TB paradigm. As shown in figure 2 , the traditional TB paradigm is characterized by a pre-defined model for variation of on-sites and two-center integrals with changes in environment. The new TB fitting paradigm retains the TB model for variation of two-center elements since it is physically justified. The predefined and often arbitrary models used in the literature for on-sites, however, are replaced by a physically justified model based on the link between on-site elements and the first moment of the MRLDOS.
The model for the variation of the on-site energies has therefore become the output of a specific DFT prediction, rather than an a priori assumption. A variety of homogeneous and inhomogeneous strained band structure targets were also generated. For homogeneous strain, band structure targets were generated in a similar fashion to bulk targets but with different lattice parameters. Up to 10% compressive and tensile strain was used to generate homogeneous strain targets. To capture the effect of inhomo-geneous strain, non-primitive unit cells along different crystal orientations were generated.
These unit cells were then strained uniaxially and biaxially. Arbitrary strains were used to test the strength of the model. Up to 6% uniaxial and bi-axial strain was used to generate strained DFT target band structures.
The same procedure outlined for bulk materials was used to generate targets for nanos- 
A. Bulk electronic structure
Bulk TB band structure and DOS computed for Cu in the present model using 1NN
parameters at the experimental FCC lattice parameter of a 0 = 3.61Å and its comparison to its DFT counterpart is shown in figure 3 . Additional band structure and DOS comparisons between TB and DFT bulk band structures for Au, Al and Ag are included in the appendix.
The DOS in figure 3 was obtained by using a Gaussian broadening of 0.1eV and a MonkhorstPack Grid of (20X20X20) k-points for both DFT and TB. B. Strained electronic structure Figure 4 shows the unit cell structure and DOS when 6% tensile uniaxial strain is applied along [100] crystal orientation in Cu. The unit cell was aligned with the xyz coordinate system so that the transport orientation is along the z axis. The DOS has been computed from the bulk band structure for a single transverse k point at k x = 0 and k y = 0. Since the coordination is still bulk-like, 1NN parameters are used to generate the comparison.
Additional representative results for homogeneous and inhomogeneous strain for Au, Ag and Al are included in the appendix. It is evident that a good qualitative and quantitative match between the TB and DFT DOS data is obtained for strained targets. The environment dependence and implicit self-consistency in the present model ensure that same 1NN parameters fit homogeneous and inhomogeneous strained targets accurately.
C. Alloy electronic structure
Band structures for solid-substitutional alloy supercells across a wide range of compositions were generated and compared with DFT for the Au-Ag system . A lattice parameter corresponding to the average of the individual metals was used to generate DFT data for all systems. Since the mismatch between the lattice parameters is less than 0.1 %, this is not an unreasonable assumption.
Au-Au and Ag-Ag interactions remain unchanged from bulk. Since coordination is still bulk-like, 1NN parameters were used in generating the comparison. Au-Ag interactions were averaged from Au-Au and Ag-Ag bulk values, as mentioned previously in the section on the details of the fitting process. It is evident that even by averaging interaction TB parameters for this material combination, a good qualitative and quantitative match is obtained with DFT. This attests to the quality of the repsective bulk parameterizations. Figure 5 shows the atomic structure and DOS for 19% Au and 81% Ag alloy supercell containing 64 atoms and the corresponding DFT target DOS. Similar to the case of bulk strain, the DOS has been generated from supercell band structure data for a single transverse k-point. Additional alloy DOS results for the Au-Ag system are included in the appendix. 
D. Metal-metal interface electronic structure
The procedure outlined above for the Ag-Au alloy structures were also followed for a number of Au-Ag superlattice band structures. Au-Ag interactions were averaged from their respective bulk values and the superlattice band structure was computed. This band structure information is converted to DOS information and compared to DFT results. Figure   6 shows one such result for DOS obtained from band structure corresponding to a single transverse k-point of an Au-Ag superlattice unit cell 16 atomic layers thick in the direction of growth. The overall TB DOS profile shows reasonable qualitative agreement with DFT, but is mismatched at certain energies. Around the Fermi Level, still, the DOS calculated in TB is mismatched from DFT by less than 2% indicating excellent quantitative agreement. Even in the absence of explicit fitting of interface band structure targets, it can be seen that the same bulk 1NN parameters give an electronic structure that shows a quantitative agreement with the self-consistent electronic structure computed in DFT around energies of interest.
E. Nanostructures Figure 7 shows the atomic structure and DOS comparison for a Cu [100] oriented nanowire. 2NN parameters in table III were used to generate the TB DOS. The structure has just 4 Cu atoms in the cross section. Consequently, the atoms in the structure see a very different bonding environment than bulk atoms. Additional results for Cu nanowires of different orientations and different bonding environments, but generated using the same 2NN parameters are included in the appendix. Since the same 2NN parameters fit bulk and nanowire band structures well, it is evident that the new TB model results in improved transferability due to its environment-aware nature and implict self-consistency.
F. Electronic transport using the new model
The new TB model and parameters have been incorporated into the Nanoelectronic Modeling Suite (NEMO5) electronic transport simulator 20, 43 . In order to compare the accuracy of the new TB parameterization with DFT for electronic transport, ballistic conductance for square Cu nanowires of different transport orientations was computed using the 2NN parameters in table III and compared with DFT results obtained using the ATK package.
The procedure was repeated for a variety of cross sectional areas. 
V. CONCLUSION
In conclusion, a new TB model suitable for electronic transport in metals has been presented in this paper. Environment-awareness is incorporated in the model through the use of intra-atomic diagonal and off-diagonal elements. In contrast with existing TB models of metals, this model uses the relationship between intra-atomic matrix elements and first moments of MRLDOS to incorporate environment-dependence in a physically transparent way.
The TB model has been validated against DFT calculations of electronic structure and transport and is transferable to bulk FCC metals with and without strain, binary metal alloys, hetero-metal interfaces and metallic nanostructures. To our knowledge, this is also the first instance where bulk metallic electronic structure is reproduced accurately within an orthogonal, first nearest neighbor TB model. In a subsequent paper the model is applied to a systematic analysis of the effect of confinement and homogeneous strain on the conductance of Cu. Integrals is captured by the exponents q while the strain dependence of the Intra-Atomic
Integrals is captured by the exponent p. R 0 inter is the reference zero strain length for TwoCenter Integrals while R 0 intra is the reference zero-strain length for Intra-Atomic integrals.
The Integrals are in units of eV, the exponents unitless and the distances are in units of Angstrom. . a 0 is varied uniformly for the case of hydrostatic strain, while it is varied non-uniformly in different crystal directions for uniaxial/biaxial strain. The maximum strain to which the parameters have been optimized to is 6% biaxial and 10% hydrostatic strain data in DFT.
While the model developed is robust, usage of parameters beyond the data to which it has been optimized may give unphysical results, as in the case of any empirically fitted model. is varied uniformly for the case of hydrostatic strain, while it is varied non-uniformly in different crystal directions for uniaxial/biaxial strain. The maximum strain to which the parameters have been optimized to is 6% biaxial and 10% hydrostatic strain data in DFT.
While the model developed is robust, usage of parameters beyond the data to which it has been optimized may give unphysical results, as in the case of any empirically fitted model.
The parameters listed above are more suited for nanostructures, since a higher weight was given during the fitting process for low-coordination structures.
Appendix C: Modified Landauer Scheme for resistivity computation
First, the number of conducting modes around Fermi Level is computed. This is nothing but the ballistic conductance for periodic structures 45 .
where the sum is over all bands n , T (E) is the number of conducting modes at energy level E. The quantity
is the fundamental quantum of conductance. In bulk, this number needs to be computed over all transverse modes and then averaged.
From this, an approximate resistivity is computed using a modified Landauer approach 11 .
If a mean free path λ between scattering events exists, then the ballistic conductance G computed in equation C1 above can be modified using the gollowing expression
Where L is the length of the conductor.
A linear fit for the ballistic conductance versus cross sectional area (A) curve can be obtained as G = kA + c ≈ kA for large cross sectional areas. If the length of the conductor is much greater than the mean free path as in the case of nanowires, we have L >> λ and we can write.
we get an approximate resistivity
Thus, the resistivity computed in this approximate approach is inversely proportional to the slope of the conductance versus cross sectional area relation. 
